Objectives: To establish a dynamic three-dimensional (3D) model of upper cervical spine instability and to analyze its biomechanical characteristics.
Introduction

C
hronic strains have gradually increased the number of patients with instability of the upper cervical spine. Upper cervical spine instability is a common clinical-spine disease and an increasing number of doctors are paying attention to it because it can cause a series of clinical symptoms, such as dizziness and nausea 1, 2 . However, the location and degree of upper cervical spine instability will have different effects on the clinical manifestations and diagnosis of the disease. Upper cervical spine instability occurs during movement, resulting in difficulty in making accurate diagnoses; biomechanical research may be able to help improve such diagnostic measures. However, due to the lack of financial support for basic research, the biomechanical mechanisms of upper cervical spine instability have not been clarified, which adversely affects progress in corresponding clinical research and in the efficacy of evaluations of this disease. Finite-element methods have been increasingly used in the field of biomechanics. These methods can visually express the stress inside structures of the human body. In addition, these methods have high reuse value and save on costs; there is no safety risk and the individual differences can be greatly avoided 3 . Hence, finiteelement methodology may greatly ameliorate the shortcomings of studies investigating upper cervical spine instability.
Currently, the main shortcoming of studies on upper cervical spine instability is related to the diagnosis of the disease. Most doctors have a clear consensus on the diagnosis of cervical instability. X-ray imaging has shown that an angle of more than 11 between the vertebral bodies or a horizontal displacement of more than 3.5 mm between the vertebral bodies can indicate the existence of cervical instability 4 . However, due to the particularity of the anatomical structure of the upper cervical spine, this standard cannot be fully applied. Therefore, difficulties in imagingbased diagnoses of upper cervical spine instability have been raised 5 . The dynamic positioning of X-ray imaging of cervical spine flexion and extension can provide a good reference for the upper cervical spine, and it can also indicate that upper cervical spine instability occurs in the movement process of the cervical spine 6 . However, the currently popular medical-imaging methods cannot accurately capture and describe the overall process and dynamic characteristics of upper cervical spine instability 7 . Biomechanical factors are among the most important factors in the development of cervical spondylosis and have important significance in scientific research. The implementation of finite element analysis on upper cervical spine specimens should employ a finite element model with the following characteristics. Finite element models are primarily established via geometric modeling, three-dimensional (3D) coordinate-instrument modeling, and image modeling. Image modeling is presently a commonly used modeling method in clinical biomechanical research 8 . Generally, CT and MRI data of specimens have been collected in advance and have been generated into a compatible file format and then input into finite-element-modeling software. This approach has been used to establish a model of upper cervical spine instability, in which simulations of different working conditions are carried out by finite-element software. This has enabled comparative analyses of various experimental hypotheses. It can be seen that, compared with traditional simple physical experiments, animal experiments, and in vitro specimen experiments, the finiteelement technique can not only reflect the physiological or pathological characteristics of the upper cervical spine more realistically, but it can also improve the accuracy of the results analyses 9 . The application of finite element technology in the field of biomechanics has developed rapidly. Foreign scholars have taken the lead in establishing a 3D finite element model of the lumbar spine and in simulating biomechanical analyses. Domestic research has gradually developed from the establishment of an independent vertebralbody model to a whole-spine model, and from the establishment of the finite element model of the spine to research on the basic pathogenesis, preoperative planning, and postoperative evaluation of spinal diseases. However, there have been few studies on the dynamic finite element model of the upper cervical spine established at home and abroad, and no investigations have been conducted on the dynamic model of instability. The high-quality dynamic finite element model of upper cervical spine instability may better reflect biomechanical changes in the instability of the upper cervical spine, provide a reliable theoretical basis for the imaging diagnosis of the disease, and have great value for scientific research 10 . Through the study of in vitro cervical specimens, the method of a continuous load to induce ligament stress in cervical instability models was established. This approach has been accomplished using motion-capture technology dynamic measurements of cervical spine physiology, and by inducing the instability of two states of activities. More recently, finite element analysis has been adopted to analyze the mechanics of limited movement in the upper cervicalspine-instability model, and to reveal relationships between mechanical changes and instability of the cervical spine ligament 11 . Finally, dynamic virtual-interactive technology has been used to establish a dynamic 3D-simulation model of upper cervical spine instability 12 . The finite element method has been used to analyze the biomechanical characteristics of the upper cervical spine, which has been helpful for the early diagnosis of cervical spine disease and the development of treatment plans, and in the evaluation of treatment efficacy.
Materials and Methods
Experimental Equipment
The following experimental equipment was used: 
Experimental Specimens
We selected a fresh cervical specimen of the body. Screws of 1 mm in diameter were screwed into the posterior foramen magnum, both sides of the foramen magnum, posterior nodules of atlas, bilateral transverse processes of atlas, and the spinous process of the axis and the bilateral transverse processes of the axis. This procedure required a total of nine screws. The skull base and the lower end of the specimen at the top of the C 3 exposed subchondral bone into the plastic container, which exposed only the middle vertebrae (C 0 -C 3 ) and cast a fixed substrate. The level of the upper and lower fixed platforms was not more than 0.1 ; the foramen magnum was parallel to the horizontal plane to simulate the neutral position of the normal spine. We simulated the natural flexion and extension degrees of freedom of motion. The upper cervical spine specimens, after fatigue treatment, induced the cervical spine-instability model, after which we measured the physiological flexion and extension degrees of freedom ( Fig. 1 ).
Motion Capture
Utilizing the motion-capture system, the virtual probe was used to confirm the position of the screw in each vertebra and the four marker points of the vertebrae where the screw Fig. 1 The prepared specimen was fixed on the 3D-spine activity-testing machine, according to the center of gravity of the skull loaded with a 100-N weight to simulate the head weight and neck-extensor muscle group. Through the 3D-spine activity-testing machine, we set the 1.5-Nm torque to be slowly moving. for measuring three-dimensional activities were placed around the experimental machine, with a data cable being connected to the computer system to form a motion-capture system. A 12-gauge steel needle was placed into the C 0 -C 2 and was fixed, and each vertebral drilling was completed four times. After fixing the needle, the speciallymade marker light-emitting point (marker point) was fixed on the free end of the needle.
was located were tied to the screw position. Through this system, the dynamic tracking of the marker point fixed on the cervical spine during the simulation loading process was performed. The motion-tracking data of the specimen were recorded completely for later use and analysis (Fig. 2) .
Geometrical model
Our geometrical model was established as follows: 1. The DICOM (Digital Imaging and Communications in Medicine) format CT axial images were imported and processed by using Mimics software.
2. We established the part of the occipital and third cervical spine via 3D geometric modeling of the vertebrae (Fig. 3 ). 3. The whole outer surface of the bone structure was obtained through reverse processing (Fig. 4 ). 4. The established model was cut and segmented by using hypermesh (Fig. 5 ).
Geometrical Model and Experimental Data-matching
The movement data of the flexion/extension activity point (approximately 1200 groups) collected from the in vitro specimen experiment were imported into the hypermesh Fig. 3 The CT machine was used to scan the upper cervical spine. Specifically, 219 tomograms were saved in the dicom format. In the segmentation module, the bone structure was selected by threshold selection in order to draw, erase, calculate three dimensions, smooth surfaces to perform other editing processes, and to obtain the corresponding position of the mark. Transverse ligaments and articular cartilage were identified using the method of drawing hexahedron cells.
software, and the neutral-position data of the virtual-mark points of each vertebrae were selected for registration. We established a simple geometric model and a virtual-mark point corresponding to the experimental position (the specific mark-point position can be imported from the mimicsimage model). In the experiment, the coordinate of the virtual-mark point in the neutral position of each vertebrae was taken as the origin, and then the geometric model was moved to the position of the origin by the functions of rotation and translation of the software to perform the matching calibration in turn (Fig. 6 ).
Ligamentous Selection
The nonlinear-spring unit used in this study simulates the major ligaments of the transverse ligament in this region. We used reference-related anatomical monographs [13] [14] [15] [16] to determine the starting and ending point of ligaments and the establishment of ligaments simulated the spring unit, which included a total of 22 ligaments. The atlas transverse ligament and its front tooth formed joints, so the transverse ligament hexahedron unit was in a solid mode (Fig. 7) .
Material Assignment
Except for the transverse ligament, we used nonlinear parameters (i.e. nonlinear stress-displacement curves). We used experimental data and related research literature [18] [19] [20] to obtain the relevant material parameters (Table 1) .
Contact Pairs
Six pairs of contact pairs from C 0 to C 3 were established in this model. The Slave surface was the lower zygapophysealjoints surface of the upper vertebrae, and the Master surface was the upper zygapophyseal-joints surface of the lower vertebrae. The joint surface was set as a sliding contact, the friction coefficient was set to 0.10, and the joint clearance was set to 0.01 mm.
Observational Factors
There have been no clear imaging diagnostic criteria for upper cervical spine instability in the clinic. One study refers to the imaging criteria for cervical instability, which is that X-rays show an angle of more than 11 between the vertebral bodies, or the horizontal displacement between the vertebral bodies exceeds 3.5 mm 4 . In addition, the selected stressobservation indicator was the key ligament for maintaining the stability of the upper cervical spine.
The alar ligament extends from the tip of the odont to the inside of the occipital. The anterior longitudinal ligament (C 1,2 ) originates from the edge of the occipital foramen and consists of three layers of juxtaposed fibers. They can play a certain role in the atlanto-axial joint during the extension of the upper cervical spine.
The flavum ligament (C 1,2 ) originates from the atlantoaxial vertebra and consists of elastic fibers and collagen fibers.
It can cause a significant restriction on the atlanto-axial joint during the flexion of the upper cervical spine.
The posterior longitudinal ligament (C 2,3 ) originates from the axis and consists of three layers of fibers. It can play a role in limiting the axial back-shifting during the flexion of the upper cervical spine.
The apical odontoid ligament runs from the tip of the odontoid to the edge of the foramen magnum. The cruciate ligament is located behind the tooth process and consists of transverse and longitudinal fiber bundles. These ligaments can play a role in maintaining the stability of the atlantoaxial joint during the flexion and extension of the upper cervical spine.
The atlanto-occipital joint is mainly used during flexion and extension activities, while the atlantoaxial joint is mainly used for rotation activity, supplemented by flexion and extension activities. However, the relatively motorial angle of the atlanto-occipital joint and the atlanto-axial joint have never been clearly measured. The results of our present study may be used as an important reference for the degree of instability of the upper cervical spine.
Results
Elements Contained in the Model
The model consists of an occipital bone, three vertebrae (C 1 -C 3 ), 22 ligaments (1 apical odontoid ligament, 4 intertransverse ligaments, 2 interspinal ligaments, 1 supraspinous ligament, 2 flavum ligaments, 1 atlantoaxial collateral ligament, 1 occipital collateral ligament, 6 capsular ligaments, 1 anterior longitudinal ligament, 1 posterior longitudinal ligament, 1 alar ligament, and 1 cruciate ligament), a disc (C 2,3 ), 6 pairs of articular cartilage (zygapophyseal joints surface), and a total of 238 257 hexahedron units (Fig. 8) .
Ligamentous Stress Under Physiologic Conditions
The stress of each major ligament during upper cervical spine flexion is shown in Table 2 . The deformation of the ligament was most prominent in the flavum ligament, and the highest rigidity was the cruciate ligament. The stress per unit area was most obvious in the anterior longitudinal ligament and the flavum ligament. The ligament stress was the highest in the ligament.
The stress of each major ligament during the extension of the upper cervical spine is shown in Table 3 . The deformation of the ligament was most prominent in the anterior longitudinal ligament of the atlantoaxial axis. The stress per unit area was most obvious in the dentate ligament and the anterior longitudinal ligament of the atlantoaxial ligament, and the posterior longitudinal ligament was almost unstressed.
Relative Motorial Angle Under Physiologic Conditions
During upper cervical spine flexion, the relative motorial angle of the atlanto-occipital joint was 3.49 , and that of the atlanto-axial joint was 8.84
. During upper cervical spine extension, the relative motorial angle of the atlanto-occipital joint was 11.16 , and that of the atlanto-axial joint was 14.20 . Under this condition, the relative motorial angle of the atlanto-axial joint was more than that of the atlantooccipital joint, and the extension angles of the atlanto-axial joint and the atlanto-occipital joint were more than their flexion angles.
Ligamentous Stress Under Instability Conditions
The stress of each major ligament during the upper cervical spine flexion is shown in Table 4 . The ligament deformation was most prominent in the flavum ligament, and the highest rigidity was in the cruciate ligament. The stress per unit area was most obvious in the anterior longitudinal ligament and the flavum ligament. The ligament stress was the highest in the anterior longitudinal ligament. The stress of each major ligament during the extension of the upper cervical spine is shown in Table 5 . The deformation of the ligament was most prominent in the anterior longitudinal ligament of the atlanto-axial joint. The stress per unit area was most obvious in the talus ligament and the anterior longitudinal ligament of the atlanto-axial ligament, and the posterior longitudinal ligament was almost unstressed.
Relative Motorial Angle Under Instability Conditions
During upper cervical spine flexion, the relative motorial angle of the atlanto-occipital joint was 5.51 , and that of the atlanto-axial joint was 13.70 . During the upper cervical spine extension, the relative motorial angle of the atlantooccipital joint was 12.96 , and that of the atlanto-axial joint was 17.20 . Under this condition, the relative movement angle of the atlanto-axial joint was more than that of the atlantooccipital joint, and the extension angles of the atlanto-axial joint and the atlanto-occipital joint were more than their flexion angles. After instability, in the direction of flexion and extension, the relative movement angle of the atlanto- Fig. 8 The unit types were divided into four types: C3D8, C3D8R, C3D8I, and C3D6. The tetrahedron element was 388560, the unit type was C3D4, the spring element was 183, the unit type was a spring, and the unit total was 627 000.
axial joint was significantly increased, while the atlantooccipital joint was not obvious.
Validation of the 3D-dynamic Finite Element Model
To validate the finite element model, we compared the strain values of specimen experiments with those of the upper cervical spine finite element model at each corresponding point by linear regression analysis. The loading and boundary conditions of the finite element model were the same as those of the specimen experiments. The regression equation and correlation coefficient were obtained as follows: y = 1.348x − 0.723, R 2 = 0.891. The x-axis represents the finite element simulated equilibrium strains, and the y-axis represents the strain values in the biomechanical experiment. The R 2 represents the correlation coefficient of the regression equation, which indicated that the finite-elementanalysis results had a correlation with the experimental results. (Table 6 ).
Related Literature Research Verification
Goel et al.
Verification of in vitro Specimen-point Trajectory Data
We calculated the angle data of in vitro specimen-point trajectory data under physiological conditions, for which the atlanto-occipital joint flexion was 3.82 and extension was 10.4 ; atlanto-axial joint flexion was 8.01 and extension was 14.89 . In the instability condition, the atlanto-occipital joint flexion was 4.91 and extension was 12.55 ; atlanto-axial joint flexion was 14.08 and extension was 16.41 . The data were imported into SPSS 18.0 for statistical analysis, for which P > 0.05 indicated no significant difference. The results showed that the dynamic 3D model of upper cervical spine instability had a sufficient agreement with the in vitro specimen-trajectory data. Accordingly, this model can truly and fully reflect the relevant biomechanical characteristics of the occipital-atlanto-axial complex 24, 25 . Discussion U pper cervical spine stability mainly depends on the stability of the atlanto-occipital and the atlanto-axial joint. However, due to the particularity of the anatomic structure of the upper cervical spine, this standard cannot be fully applied. Imaging-based diagnosis of upper cervical spine instability has been challenging. Current widespread medical-imaging methods cannot accurately capture and describe the entire disease process and dynamic characteristics of upper cervical spine instability. Applying this technology, however, could show the stress and deformation of the internal structure of the spine. Furthermore, such results have been displayed in an intuitive form 26 . Patients with upper cervical spine instability, especially during the symptoms period, can effectively avoid iatrogenic injury caused by dynamic-position examination of the cervical spine by using these medical imaging methods 27 .
Mechanical Characteristics of Ligaments
The results of the current study show that the alar ligament mainly bears the tension during upper cervical spine extension. Its deformation and stress were greatly increased after the instability of the upper cervical spine. The alar ligament was in a state of high stress, from 2.85 to 8.12 MPa, which indicated that the alar ligament played an important role in maintaining the stability of the atlanto-axial joint during extension. Due to its attachment to the tip of the odontoid process, this will inevitably lead to deviation of the odontoid process, which causes atlanto-axial instability. In contrast, in flexion, regardless of instability, the deformation and stress value of the alar ligament were not high. This indicates that the binding stress of the alar ligament to the atlanto-axial joint was weaker in the flexion position.
There was high stress in the apical odontoid ligament during flexion or extension, but its stress and deformation were decreased after induction of instability. This result may be due to the slippage of the vertebrae during the flexion and extension of the unstable cervical spine and the distance between the tip of the odontoid process and the foramen magnum being shortened, resulting in the decrease of its stress. This also partly explains, after the instability, the influence of the position change between each vertebrae on the ligament stress.
Through data analysis, cruciate ligaments could be found with greater rigidity. The deformation and stress produced by the cruciate ligament changes little during flexion and extension. That is, the cruciate ligament had a certain constraint effect on the flexion and extension of the atlantoaxial joint, and the change of deformation and stress caused by instability was not obvious.
The anterior longitudinal ligament of the atlanto-axial joint had a certain binding stress in the flexion and extension direction of the upper cervical spine, but the restraint effect was more obvious in the extension, especially after instability. The flavum ligament was the ligament connecting the laminae arcus vertebrae, which had the effect of limiting the vertebrae excessive flexion. It was not difficult to see from the experimental data that the stress and deformation were most obvious in the flexion position.
Articular Surface Changes in Relative Motorial Angle
After instability, the movement angle of atlanto-axial joint increased significantly during flexion, but the atlantooccipital joint was not obvious. During extension, the movement angle of the atlanto-axial joint and the atlanto-occipital joint were not obvious. Combined with the stress analysis of the ligament, it was considered that this may be due to the number of the limitation-extension ligaments being higher and that its rigidity was greater. Therefore, when the cervical spine extends, the ligament produces a smaller variable shape variable, such that the change in angle was not obvious. In contrast, in the direction of flexion, the flavum ligament was mainly constraining the vertebrae, but its rigidity was low. Hence, the stress in the direction of flexion will produce greater deformation, resulting in a significant increase in the movement angle of the atlanto-axial joint. This result also shows that frequent or prolonged flexion activities were more likely to cause damage to the upper cervical spine, leading to instability of the upper cervical spine. This can also partly explain why the large number of "phubbers" in our society are more likely to suffer from cervical spondylosis 28, 29 .
Limitations of the Current Study
At present, there were few studies on 3D dynamic-finiteelement models, and the existing theory remains insufficient. Therefore, there were still be many shortcomings in this type of research that will require improvements in the future. In addition, there are many types of instability of the upper cervical spine 30 . A model based on individual specimens does not fully explain the pathogenesis of upper cervical spine instability. It has certain limitations and needs more dynamic model data for further improvements. Finally, the human body is an active entity. The activity of the upper cervical spine contains muscles and nerves, in addition to joint ligaments. However, there have been few reports on data of muscles, blood vessels, and nerve excisions of the cervical spine. Therefore, the instability process of true cervical spine dynamics cannot be completely simulated, and the influence of vascular flow velocity on the neck cannot be evaluated 31, 32 .
